The relation between the development of the wall boundary layer in a convergent nozzle and free surface waves on the emanated liquid jet has been investigated experimentally. In the convergent nozzle, which forms a water jet along a flat back wall, the velocity profiles of the wall boundary layer were measured using a laser Doppler velocimeter with jet average velocities of U 0 = 5, 10 and 15 m/s. The property of free-surface waves and the intermittency factor of free surface fluctuations were also determined by photography and an optical measurement technique, using laser beam refraction on the jet surface. For the lowest velocity case U 0 = 5 m/s, the mean velocity profiles of the boundary layer under the pressure gradient in the convergent nozzle indicated an inverse transition from turbulent to laminar boundary layer, so-called relaminarization. On the other hand, for the higher velocity case U 0 ≥ 10 m/s, the relaminarization in the convergent section became incomplete. For these cases, the turbulent intensity near the wall increased significantly and the nozzle-exit boundary layer was restored quickly to a turbulent profile for a short parallel section immediately upstream of the nozzle exit plane. The increase in the velocity fluctuation near the wall promotes wave generation downstream of the nozzle exit plane. Therefore, the intermittence of the wave packet almost disappeared and the jet free surface was covered with continuous capillary waves when the turbulent boundary layer was separated from the nozzle exit.
Introduction
Acceleration during the formation of a jet flow strongly affects the growth of the velocity shear layer along the convergent nozzle wall. The favorable pressure gradient in the nozzle induces an inverse transition from turbulent to laminar boundary layer (so-called relaminarization) if the local pressure variation is satisfied with a certain condition. Moreover, when the liquid jet emanates from the nozzle into a gas or vacuum environment, the boundary layer affected by the pressure gradient remains underneath the free surface as a velocity shear layer, and it may contribute to the occurrence and growth of free surface waves.
Some preceding research regarding the growth of the wall boundary layer under the accelerated flow have referred to the necessary condition of the occurrence of relaminarization (1) - (5) and the change of the velocity field after relaminarization (6) - (10) .
However, since almost all of these studies investigated single-phase flow, the relation between the emanated jet free surface and the nozzle-exit boundary layer have not been adequately clarified. Moreover, it is not easy to evaluate the development of the boundary layer along the nozzle wall and its influence on the jet free surface numerically, even if a high simulation technique is applied (11) - (14) .
On the other hand, recent proposals for neutron source facilities, where liquid-metal free-surface jets are used as beam targets (15) , require an understanding of wave generation on the relatively high-speed liquid jet. For these facilities, the stability of the jet free surface is an important design issue since a wavy surface may increase liquid-metal dispersion and evaporation, which would adversely affect the performance of the facility. Some investigators (16) - (21) , including one of the authors, suggested that the shear layer instabilities underneath the free surface induces periodical capillary waves similar to TollmienSchlichting waves if the nozzle-exit boundary layer is separated in the relaminarized laminar condition. However, the mechanism of wave generation has not been well understood for sufficiently high-speed conditions to simulate the related aspects of target flow (~ 15 m/s for a proposed design). Therefore, this study is concerned with the relation between the development of the nozzle boundary layer and the free surface fluctuation for higher velocity cases where the relaminarization becomes incomplete. Since the pressure gradient in the nozzle makes a boundary layer thin, the velocity profile near the nozzle wall may be measured by a laser Doppler velocimeter (LDV) equipped with a short focal length lens. The free surface fluctuation is also measured with a non-intrusive technique that employs a two-dimensional high-response optical sensor to detect the trajectory of a laser beam refracted by the wavy jet surface. Additionally, with respect to the prediction of boundary layer thickness along the nozzle wall, an empirical model is evaluated by a comparison with the experimental data in the Appendix. Figure 1 shows an elevation view of the test section, which is made of acrylic resin. The planar water jet, 10 mm in depth and 100 mm in width, is generated by a convergent nozzle and flows along a horizontal back wall. To suppress secondary flows and to obtain a nearly uniform velocity profile, two perforated plates (open-area ratio = 0.51) are installed upstream of the test section. The nozzle consists of three sections: a 500-mm-long inlet parallel section, a 200-mm-long convergent section (contraction ratio = 5.5) and a 10-mm-long exit parallel section. The upper surface of the nozzle is flat through the entire length of the nozzle in order to facilitate measurement of the velocity profiles of the boundary layer. The inviscid flow field was preliminarily calculated for the present nozzle geometry for the purpose of comparison with the conventional criteria of relaminarization. Although many different criteria exist for predicting the onset of relaminarization under different types of boundary layer distortion, the most well-known of these, and the most applicable to the current study, is the one proposed by Moretti et al. (1) , which uses the non-dimensional acceleration parameter K,
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where U 1 is local free stream velocity and ν is kinematic viscosity.
The two-dimensional Laplace equation for the stream function in the nozzle was solved by a SOR iteration method. The nozzle domain was divided into 39,050 (55 × 710) elements in the calculation. The predicted acceleration parameter is shown in Fig. 2 . The value of K decreases with increasing nozzle-exit velocity U 0 . For the lowest experimental velocity U 0 = 5 m/s, the maximum value exceeds a critical value of 3.5 × 10 -6 . However, for higher velocity cases (U 0 ≥ 5.7 m/s), the evaluated K does not satisfy Morreti's criteria for the present nozzle geometry. 
Measurement techniques
The velocity profiles of the boundary layer are measured by a laser-Doppler velocimeter with a front-scattering type fiber probe. The streamwise velocity components in the vertical (x-y) plane are measured. Since the short focal length (= 120 mm) lens is utilized as the front lens, the beam waist is 58 µm at the measuring volume. The fiber probe is mounted on a three-dimensional traversing table, which allows positioning of the measured volume with a precision of 10 µm in the vertical y-direction. In order to perform the measurements as close as possible to the wall, the fiber probe is tilted at an angle of 2 deg. toward the flat upper surface of the nozzle. At every measuring point, 10,000 samples are taken to obtain the mean velocity u and the rms value of the turbulent velocity fluctuation u rms . Figure 3 shows the optical arrangement for the measurement of free surface waves. A 1-mW laser beam is directed vertically onto the water surface. A focal lens reduces the beam diameter to < 0.1 mm at the water surface. The beam is refracted by the local slope of the water surface and passes through the water jet, the back wall and the air before reaching the optical sensor (Hamamatsu Photonics, S1881).
The sensor measures the two-dimensional location of the light spot on the planar pn-type photodiode. The photocurrent signals are amplified and processed by a special circuit (Hamamatsu Photonics, C4674) to obtain a pair of output signals proportional to the spot displacements in the streamwise (x) and spanwise (z) directions. The local slope angle θ x and θ z are calculated by tracing the instantaneous light path back to the free surface (17) .
The sensor itself has a maximum response frequency of 300 kHz, although the frequency range is limited by the signal processing circuit to 33 kHz. Then, the circuit output signals are sampled at the rates of 100 kHz and recorded as 1,048,576 data points for each measurement. 2 , where τ w is local wall shear stress and ρ is density) calculated from U τ and shape factor H (= δ 2 /δ 1 , where δ 1 is the momentum thickness and δ 2 is the displacement thickness) are exhibited in Fig. 5 .
For a zero pressure gradient, it is well known that the velocity profile in laminar boundary layers is closely represented by
On the other hand, a universal logarithmic law applies to turbulent boundary layers, i.e., for y + > 40, 2 . 5 ln 41 . 0
In the inlet parallel section, as shown in the graphs on the left in Figs. 4(a) ~ 4(c), the mean velocity profile has a logarithmic region that agrees with Eq. (3) for the whole of the tested velocity range. Then, the flow reaches the convergent section in a fully developed condition. In the convergent section shown in the middle graph, the velocity profiles cannot be represented by either Eq. (2) or Eq. (3). The pressure gradient in the convergent section affects the development of the boundary layer, so that their profiles indicate a transitional nature.
At the nozzle exit (x = −2 mm in the right graph), the velocity profile of the lowest exit-velocity U 0 = 5 m/s agrees with the laminar profile of Eq. (2) . This indicates that the entire relaminarization has occurred in the convergent section as the criteria Eq. (1) predicted. However, for the higher exit velocities U 0 = 10 and 15 m/s, the nozzle-exit velocity profiles are again close to that of a turbulent boundary layer. Then, it is found that, for such higher velocity cases, the distortion of the mean velocity profile recovers and a logarithmic region appears again in a short distance of only 10 mm along the parallel section immediately after the disappearance of the pressure gradient.
The streamwise variation of c f and H in Fig. 5 , under the condition of complete relaminarization, corresponds with the results of Warnack et al. (10) . That is, c f decreases and H increases drastically with the distance along the convergent section (−210 mm ≤ x ≤ −10 mm) in the left graph in Fig. 5 . On the other hand, the trends of c f and H for U 0 = 10 and 15 m/s are similar to the nature of a turbulent boundary layer under a favorable pressure gradient (9) whereas rapid change occurs after exiting the convergent section. Figure 6 shows the turbulence intensity normalized as u rms /U 1 where U 1 is the local free stream velocity measured at the outer edge of the boundary layer. The values of U 1 are listed in Table 1 . As in the mean velocity profile, the turbulent intensity had almost the same profile in the inlet parallel section (shown in the graphs on the left in Figs. 6(a) ~ 6(c) ). In the convergent section, the streamwise pressure gradient degrades the turbulence intensity near the outside of the boundary layer (y + > 50 in the middle graphs of Figs. 6(a) ~ 6(c)) for the whole velocity range. For the low y + region, however, a distinguished feature arises for the higher velocity cases. That is, for U 0 = 10 and 15 m/s, the nondimensional turbulence intensity near the wall (y + < 15) continues to increase with distance in the convergent section, though the value for U 0 = 5 m/s decreases. The acceleration in the convergent section reduces the turbulence intensity only for the outer side of the boundary layer when the nozzle-exit jet velocity is relatively high (7) .
Therefore, it is suspected that an increase in velocity fluctuation promotes the recovery of the boundary layer from the distorted transient condition in the short exit-parallel section for U 0 ≥ 10 m/s. To emphasize the streamwise variation of the velocity fluctuation, the maximum values of turbulence intensity normalized as u rms,max /U 1 and u rms,max /U 1,inlet are indicated in Fig. 7 , where U 1,inlet is the measured free stream velocity at the inlet of the convergent section (x = −210 mm). It is found that the influence of a favorable pressure gradient on velocity fluctuation degrades appreciably as the nozzle-exit velocity U 0 increases. 
Photograph observation of free-surface structures
Typical microflash (4 µs) photographs of the jet free surface are shown in Fig. 8 . At a relatively low exit velocity (U 0 = 5 m/s), three distinct regions can be identified with respect to the wave development in the flow direction. The jet starts with a smooth region with almost no visible waves. It is followed by the second region, which indicates two dimensional (2D) periodic waves with a dominant wavelength of 0.5 to 1.0 mm and wave amplitudes becoming greater with the distance x from the nozzle exit. Finally, the 2D structure of the waves breaks down into less regular three-dimensional (3D) wave patterns.
As the jet velocity is raised, the smooth and 2D-wave regions become shorter and eventually disappear. The length of the smooth region observed from photographs is plotted in Fig. 9 . Since the length of the smooth region changes temporally and spatially, the maximum and minimum lengths are determined and averaged for five images. At almost U 0 ≥ 8 m/s, the jet is covered from its beginning by 3D waves. The power spectra of the local slope angle in the streamwise and spanwise directions are shown in Fig. 10 for three locations along the jet for U 0 = 5 m/s. The total power of the slope angle is initially small but increases with the distance x from the nozzle exit. The power spectra have a clear peak in the 2D-wave region but have only broad, less significant peaks in the 3D-wave region of x > ~22 mm. The spanwise slope angle indicates lower and less significant spectral peaks than the streamwise slope angle for all the cases. Qualitatively, the same results are obtained for other jet velocities; however, the 2D-wave region, as characterized by a clear peak in the streamwise slope angle, disappears for U 0 ≥ 10 m/s. 
Intermittent fluctuation immediately downstream of the nozzle exit
The data of free-surface slope angle indicates the intermittent appearance of packet-like waves in the smooth region of the jet free surface, though almost no visible waves are found in photographs. This implies that the free surface waves are generated by the unstable growth of oncoming perturbations, in both time and space, from the nozzle wall boundary layer. To characterize such unstable growth of waves, we have attempted to analyze the time series data statistically.
We introduce a function I i that takes a value of 1 (or 0) depending on whether the absolute value of the data is greater (or less) than a discrimination level θ th 
where the subscript i denotes the acquired data number. In order to regard a series of waves as a continuous wave packet, we connect the value of I i between the neighboring waves if the data between the waves crosses the zero level only once. Figure 11 shows typical data of the free-surface slope angle and corresponding values of I i for x = 5 mm for a jet of U 0 = 5 m/s. The intermittency of the free surface fluctuation can be characterized using the intermittency factor defined as
where N is the total number of data.
The results for this factor are shown in Fig. 12 . The increase of γ in the initial jet region means that the intermittent packets become longer, merging with the neighboring ones. The factor γ increases steeply at the middle of the smooth region (for example, x ~ 5 to 14 mm for U 0 = 5 m/s), and almost reaches unity, i.e., the waves become almost continuous, at the 2D-wave region. For higher velocities of U 0 ≥ 10 m/s, the intermittency factor takes a value of almost one immediately after the nozzle exit. The value of discrimination level θ th affects the evaluated change of I i with time or space. In the present work, the threshold level is chosen to be ±1.0 deg. as indicated by the dotted lines in Fig. 11(a) . This value of θ th provided an empirically determined intermittency factor of nearly zero at the nozzle exit and nearly one at the end of the smooth region for the present range of experimental conditions. Although the value of γ was affected quantitatively by the value of θ th , it was verified that the qualitative change was conserved. By comparing the measured nozzle-wall boundary layer and the intermittent character of the free surface waves, the relation of both can be said to be as follows: for lower nozzle-exit velocity cases where relaminarization in the convergent section becomes complete (U 0 = 5 m/s), the free surface fluctuation is relatively small and the smooth region, characterized by lower intermittency, arises immediately downstream of the nozzle exit. However, for higher velocity cases U 0 ≥ 10 m/s, the velocity fluctuation in the boundary layer promotes the re-transition to the turbulent boundary layer at the exit parallel section. The re-transition of the nozzle-exit boundary layer, which is probably accompanied by frequent bursts from the wall (8) , increases the intermittency factor of the free surface fluctuation and induces the 3D waves immediately downstream of the nozzle exit. 
Conclusion
The development history of the boundary layer in a convergent nozzle was measured and compared with free surface waves on an emanated water jet. The free surface fluctuation was evaluated using a laser beam refraction technique. The experiment focused on the velocity range where the relaminarization becomes incomplete. The most important conclusions drawn from the present experiments are as follows:
(1) The relaminarization in the nozzle becomes incomplete for the jet velocities U 0 = 10 and 15 m/s, where the evaluated local acceleration parameters are below those of Moretti's criteria. For these higher velocity conditions, the nozzle-exit mean velocity profile recovers a turbulent nature within the distance of the nozzle-exit parallel section. The influence of a favorable pressure gradient upon the turbulent intensity is small near the wall, i.e., the reduction of velocity fluctuation is observed only outside of the boundary layer.
(2) As the jet velocity is raised, it is observed that the smooth jet surface, which includes the invisible growth of unstable periodic waves, becomes shorter and eventually disappears. The rapid increase in the intermittency factor of the free-surface slope angle fluctuation also completes in a short distance downstream of the nozzle exit plane, and the free surface is covered with continuous waves for U 0 ≥ 10 m/s.
(3) By comparing the properties of the nozzle boundary layer and the observation of free surface waves, it is considered that the velocity fluctuation which develops along the nozzle wall promotes the re-transition to the turbulent boundary layer near the nozzle exit and induces free surface fluctuation when the relaminarization becomes incomplete.
Eq. (A3) to Eq. (A1) continuously. Then, we determine the value of x 1 ' using an iteration method so that the δ 1 predicted by Eq. (A1) agrees with the value predicted by Eq. (A3) at the location x 3 .
The predicted momentum thicknesses are compared with the measured results in Fig.  A2 . The calculated results agree well with the experimental data, which are evaluated from the integral of the measured velocity profiles. The differences between the present simple model and experimental data are less than 35% over the entire range of the present study. 
